The attention networks of the human brain have been under intensive study for more than twenty years and deficits of attention accompany many neurological and psychiatric conditions. There is more dispute about the centrality of attention deficits to these conditions. It appears to be time to study whether reducing deficits of attention alleviate the neurological or psychiatric disorder as a whole. In this paper we review human and animal research indicating the possibility of improving the function of brain networks underlying attention and their potential clinical role.
INTRODUCTION
Neuroimaging has allowed researchers to determine with increasing precision the brain areas involved in many human activities. Prominent among these has been the study of brain networks of attention. In this paper we describe the potential utility of this knowledge for the diagnosis and treatment of common neurological and psychiatric illnesses involving attention.
In our previous work we have identified three different brain networks related to the functions of attention [1] . These are:
(i) Obtaining and maintaining the alert state, involving the brain's norepinephrine system including the locus coeruleus in the pons and frontal and parietal cortical areas.
(ii) Orienting to sensory stimuli, involving both ventral and dorsal frontal and parietal areas and subcortical areas of the superior colliculus and pulvinar.
(iii) The executive attention network that controls voluntary responses (Executive attention) involving the anterior cingulate, anterior insula, and underlying striatum. (See Table 1 ; [2] .)
These networks play a strong role in the regulation of behavior, both in the control of positive and negative affect and of the sensory input, and also give rise to consciousness of content and voluntary behavior. Imaging brain networks of attention have allowed us to identify the dominant neuromodulator of each network and to study genes related to these modulators. (See Table 1 ; [3] .)
By use of the Attention Network Test (ANT †) (see Figure 1 ) scores for each of these attention networks can be obtained individually from children and adults [4] .
ANT scores have also been used to compare patients suffering from various conditions with normal groups. Abnormal scores for each network of attention have been associated with mental disorders. We summarize these associations below and in Table 2 .
ATTENTIONAL PATHOLOGIES
Attentional difficulties are frequently associated with brain injury and with many psychopathologies. Without an understanding of the neural substrates of attention, systematic efforts to remedy these attentional problems have been difficult. This situation may change with the application of our understanding of attentional networks to pathological issues. In the volume Attention in a Social World, [5] , many forms of pathology briefly summarized in Table 2 are discussed in greater detail. Table 2 and the references cited there provide details on the central importance of attention to each of the pathologies. We do not think a one to one correspondence between network, disorder, and symptom is a complete story. Many disorders involve more than one network and often the networks change in the development of the disorder. For example, Attention-deficit/hyperactivity disorder (ADHD) appears to involve alerting early on and later a deficit in executive attention. Moreover, disorders have multiple symptoms. In Table 2 we use the most prominent connections between network and disorder and describe a typical symptom of the disorder.
In this paper, we attempt to tie the brain networks revealed by imaging studies to underlying cells and their connections found in various animal models. We have recently reviewed evidence for the role of attention in obsessive compulsive disorder [6] . Repetitive concentration of attention upon a potential failure appears a key feature of this disorder. Animal models have suggested that abnormal loops between anterior cingulate and striatum may be involved in Obsessive-Compulsive Disorder (OCD) [7] . The reactivation of this circuit may underlie the problem of repetitive attention to negative events. Similar findings occur in a variety of other anxiety disorders [8] . Anxiety disorders often involve unreasonable fear (see Table 2 ). In an effort to link brain networks to underlying cellular mechanisms, a mouse study has found that stimulation of a circuit from the amygdala to the striatum either by laser stimulation or by inducing a reward can improve extinction of fear [9] . In addition, anxiety disorders have been identified with reduced thickness of the anterior cingulate and insula cortex in early life [10] . The anterior cingulate cortex (ACC) and insula are key nodes in the executive attention network which undergo extensive development in childhood [11] . Similar efforts link the executive attention network to underlying cells, neuromodulators, and genes [3] .
STIMULATING THE BRAIN
Understanding attentional networks may set the stage for possible treatments of disorders involving deficits in brain connectivity related to attention. We have been carrying out studies designed to test whether such treatment is possible. Our work began with studies of meditation training [12] , we found that one month of meditation training altered the white matter connections in areas surrounding the anterior cingulate. We speculated that the alteration of white matter was due to the strong theta (4 to 8 Hz) rhythm found over the frontal midline following training [13] .
To test this idea, mice were bred so that neuronal output of the anterior cingulate could be excited or inhibited with laser light (optogenetics) [14, 15] We implanted lasers in the anterior cingulate of the mice and found that for mice stimulated with low frequency rhythms so that the output neurons of the anterior cingulate showed a rhythmic increase in spikes, there was an increase in oligodendrocytes (cells that create myelin) and a decrease in the ratio of axon diameter to axon diameter + myelin (g ratio). Mice who had low frequency stimulation showed less fear and more exploration than did un-stimulated controls. This was demonstrated in a box that contained dark and light compartments. The stimulated mice spent more time in the light than controls. These findings show that connectivity can be improved by low frequency rhythms such as those produced by meditation training. Moreover changing the properties of white matter pathways surrounding the anterior cingulate reduced fear and improved exploration [15] .
The optogenetic method requires procedures that are too invasive to allow testing in humans. We sought to determine if there is a method for non-or minimally invasive stimulation to increase intrinsic theta range oscillations in the ACC [16] . We used sensory (auditory) input, neurofeedback, and electrical stimulation presented with and without a task that also stimulated the ACC. In the electrical condition we used alternating current at 6 Hz and 100 milliamps delivered by a set of 10 elec- by approximately 10 percent of the improvement in reaction time found during development between 7 years and adulthood [19] . Thus, 10 percent may serve as an upper bound of the change we might expect. It is unclear whether a 10 percent change would be sufficient to improve disorders involving white matter, or whether it will provide benefits in skilled performance for those without such disorders. Some published data favor the idea that addiction disorders might benefit from improved white matter. We [20] studied a group of smokers who showed reduced connectivity between the ACC and striatum when compared with a comparable group of non-smokers. The participants were recruited to reduce stress and did not necessarily have an intention to quit smoking. Nonetheless two weeks of meditation training improved connectivity and led to highly significantly reduction in smoking [20] . Although further tests are needed, the restoration of white matter efficiency appeared linked to reduced smoking.
In this paper, we have reviewed recent discoveries about the brain networks of attention, and the opportunities for rehabilitation they may make possible. Specific attentional networks based on imaging and neurophysiological research are being associated with the symptoms found with various neurological and psychiatric disorders ( Table 2 ). There is little doubt that connections surrounding the anterior cingulate play a critical role in the voluntary control of emotions and thoughts [21, 22] .
Research in mice shows that low frequency stimulation can change white matter and reduce anxiety [14, 15] . The intrinsic theta rhythm of the ACC can be increased by external electrical stimulation conducted while the person carries out the ANT [16] . We believe that other brain networks can also be modified in a similar manner. Methods are being explored to improve the functioning of these brain networks in animals and humans. We do not yet know whether or to what degree any of these methods will help to alleviate disorders related to white matter loss. However the current advances in this possibility support research designed to address whether they will work and what will work best. trodes over the frontal midline. One minute of auditory or electrical stimulation was alternated with a minute of no stimulation. Only the minute with no external stimulation was used to assess the effects of the input on intrinsic theta levels.
Comparing the three methods [16] , electrical stimulation while performing the Attention Network Test [4] was the most effective in produced significant increases in theta during a minute of non-stimulation following a minute of electrical stimulation. The 6 Hz auditory stimulation also appeared to increase theta, but this was not significant statistically.
In this study all participants used the same generic set of electrode locations previously, shown by simulation to activate the ACC [17] . A new study compared these generic electrode locations with individual ones chosen using the anatomy from structural MRI to construct a different head model for each participant [17] . We hypothesized that individual electrodes would be better than generic electrode sites. Our first study of the executive attention network used the anterior cingulate along the frontal midline as the site of stimulation. We also wished to be able to determine if brain areas with lower intrinsic theta than the ACC would also show an increase in intrinsic theta by appropriate choice of electrodes and a task. To test these hypotheses we compared theta rhythm induced in the ACC and in the primary motor area by both generic and individual electrodes location. In each case choosing a cognitive task that also activates the chosen brain area. The results generally favor the use of individual electrodes particularly for the ACC location. Using individual electrode locations with electrical stimulation plus appropriate task we found significant increases in theta in both of the tested brain areas.
The next step in our plan will be to test our hypothesis that we can improve white matter in areas around the ACC. We will use 20 sessions of electrical stimulation plus task and compare before and after diffusion tensor imaging (DTI) to measure Fractional Anisotropy (FA) and calculate changes in g ratio as we have done in the mouse [18] . If our hypothesis of white matter change in the human brain was to be confirmed, we, or perhaps others, can use this method in actual clinical cases where white matter degeneration or loss is a likely cause of the abnormality.
CLINICAL APPLICATIONS
Our published work to date indicates that degree of white matter change is limited. In mice, the change in g ratio following a month of stimulation is about 5 percent [14] ), and our MRI meditation studies have shown about 10 percent change in fractional anisotropy [12] . Moreover, the Attention Network Test is improved by training
